The novelty of the study relies on the fact that current simulations of human body to assess spine injury are based on finite element method. Spine injury assessment is an important point in designing spacecraft seat especially during landing. The finite element-based human body simulations are very time-consuming and computationally expensive. These problems make it difficult to perform high computational simulations such as optimization, sensitivity analysis, and so forth. Hence, in this study, it is tried to resolve these problems by developing a multibody model of human body in landing phase of spacecraft. This model makes designers able to perform corresponding simulations faster with acceptable accuracy. This study presents a dynamic multibody model of spacecraft seat-occupant system for spine injury assessment under landing conditions. The landing situation of spacecraft exposes shock loads to the spacecraft and astronaut. Hence, spine injury assessment under landing conditions enables optimal injury design of seat-occupant system. The modeling method is based on using the multibody modeling to achieve a detailed description containing the nonlinear properties and the accuracy of a multibody dynamic model considering whole body comprising stretching of vertebrae. The human body model comprises head, spine, femur, and shank lying on a flexible polyurethane foam as seat cushion. To model the spine, viscera, and pelvis in the sagittal plane, the spine column considered to be rigid bodies accompanied by spring-damper elements. To validate the developed model, the modal analysis and seat-to-head transmissibility of the spine has been validated by comparing with previously published models. Finally, as an application, the developed model has been exposed to a landing shock load for spine injury assessment.
Introduction
During spaceflight mission, astronauts are exposed to impact loads which are the main cause of injuries. Transient loads, i.e. less than 500 ms, are dynamic loads which are most likely to occur during launch or launch abort and landing. 1 Spacecraft mission naturally deals with large amount of energies which should be damped during the mission. However, parts of these energies will be transmitted to the spacecraft occupants. This energy may cause injury if it is not absorbed or dissipated. For example, landing impact is the inevitable exposed load to the occupant during manned spacecraft landing and cause the astronaut to be exposed to impact loads. According to previous research works, [2] [3] [4] [5] determined limits of landing impact loads can be tolerated by human bodies, and hence high level of impacts may threaten human body's health and cause injury. Due to importance of the landing impact, it has drawn wide attentions.
Several load factors affect the risk of injury like design of the seat and restraint system, the spacesuit and helmet, and vehicle dynamics. 6 Each vehicle has different load dynamics during landing, and hence the risk of injury is greatly influenced by the vehicle design. Vehicles that minimize crew exposure to loads are obviously safer than vehicles with higher dynamic loads. The seat and restraint designs may either increase or attenuate injury risk depending on how they are at minimizing movement of the body. 6 Seat design is an important aspect of occupant protection. Several experiments are conducted to assess the effects of different factors such as seat geometry, restraint system, and seat cushion properties on the likelihood of injury. 6 There are several methods to assess human body dynamics responses to exposed load. These methods are divided into three categories: humans, human surrogates, and numerical models. 6 Dynamic responses of numerical models are simple but are limited in their injury prediction capabilities.
During years many experiments have been performed to investigate human responses to impact forces. [7] [8] [9] In the study by Brown et al., 10 24 body positions were simulated and 288 experiments were conducted to study Apollo landing. It was concluded that in different body orientations, certain levels of impacts can be tolerated by human body.
Series of experiments were conducted to investigate impact using rocket sled. 11 Liu et al. 12 studies the effects of landing force in several body positions. In a study by Cheng et al., 13 human tolerances in sitting position were investigated and it was concluded that body could tolerate the acceleration peak during 500 ms.
In all of the above-mentioned papers, neck and head injuries are investigated which is different from spine injuries that are considered in present study. Also, the other difference is the modeling method. The present study tries multibody method which is computationally effective and fast. The mentioned papers employ finite element simulations or experimental tests with human volunteers. These methods are costly and time-consuming, and the results are dependent to the specific situation of simulation or test. This study aims to present a multibody model of the seat-occupant to investigate the spine injury during spacecraft landing. The best known criteria for spine injury assessment are dynamic response index described by Stech and Payne 14 in 1966. They suggested that relatively simple lumped parameter models could be used to represent the data that existed and could explain the relationships among acceleration input properties such as rise time, acceleration magnitude, and velocity change on the likelihood of injury. They also used such models to explain the effects of restraint system properties such as restraint slack and preload as well as seat cushion and impact attenuation system performance on the human body dynamic response. Brinkley developed a method to estimate the likelihood of injury using lumped parameter models for each of the orthogonal axes. The effects of angular accelerations were included by incorporating the linear components of angular motion. The DRI predicts the spine injury through relative displacements of spine column vertebra. Hence, to predict the spine injury, under a specific condition, relative displacement of spine vertebra should be evaluated. To determine the spinal column displacements, the occupant is modeled in two-dimensional mid-sagittal plane covering head, spine, femur, and shank. The spine is modeled as a flexible part comprising 24 vertebrae and visceral masses. The 24 vertebra are connected through spring-damper elements, and each vertebra is also connected to its corresponding visceral mass via spring element. The modeled occupant is placed on polyurethane foam which is considered to be the seat cushion. The foam characteristics are determined using experimental studies and the governing equation of foam material has been transferred to a differential equation and is accommodated into the equation of motion. The occupant is restrained by the seatbelt which is modeled as spring-damper element in the multibody model. The spine model is verified by previous studies. As an application of the developed model, an input load is exposed to rigid seat frame and the dynamic response of the body is predicted. The spine injury is predicted using DRI.
Spaceflight landing multibody model
The following sections describe the proposed simplified model from human spine.
Seat-occupant model
General description of the seat-occupant system model with flexible spine is shown in Figure 1 .
The system is composed of flexible spine, solid femur, and solid shank. For spine injury assessment, it is necessary to model all spine vertebrae. Spine is composed of 24 moving vertebra and three regions: cervical spine containing 7 vertebrae, thoracic spine containing 12 vertebrae, and lumbar vertebrae containing 5 vertebrae followed by sacrum. To model spine, all 24 vertebrae of vertebral column are considered as a body segment. The whole system including head, spine, femur, and shank is placed on a flexible polyurethane foam as seat cushion. 
Modeling human body spine
The spine is a structure that transfers weights and the bending moments to the pelvis, allows physiologic motion, and protects the spinal cord from damaging forces. The spine is composed by 33 bony vertebrae including five regions: cervical (consists of seven vertebrae from C1 to C7), thoracic (containing 12 vertebrae from T1 to T12), lumbar (consists of five vertebrae from L1 to L5), sacral, and coccygeal. Between each pair of vertebrae, there is an intervertebral disc that allows relative motion between bony parts. The unique arrangement of the different regions provides stability, resistance, and elasticity to the spine as well as the absorption of impacts. There are four physiologic curvatures of the vertebral column in the sagittal plane.
The spine is a very complex mechanical structure. 15, 16 It transmits loads of the upper body to the pelvis through chain of several functional spinal units (FSU), as shown in Figure 2 .
According to some previous studies, [17] [18] [19] [20] [21] [22] [23] [24] based on the type of exposed loads inside a landing position, torsional degree-of-freedom of FSU can be neglected. But, there are situation in which the spine translational degrees-of-freedom should be considered, for example, situation with high amplitude vibration of spine or situation when the exposed vibration is not aligned with vertebrae column. The considered model for each FSU is shown in Figure 2 .
The present model of spine was developed in two dimensions based on the developed model by Valentini. 25 The multibody modeling approach was used to model the spinal column including: spine, viscera, head, and pelvis using rigid bodies and spring and mass elements ( Figure 3 ).
Based on Kitazaki and Griffin, 26 the geometry and material properties were applied. The developed model is linear and included 25 spine elements (representing all the vertebrae), head, femur, and shank composing 70 degrees-of-freedom. Rigid bodies are used to model the spinal column.
Below the T10, the visceral subsystem was based on that used by Belytschko and Privitzer. 27 To model the interaction between the viscera and the spine, spring elements are used. It should be noted that each visceral mass is mobile and do not represent any organ.
Head is considered as a mass element 27 and is connected to the C1. Figure 4 depicts the position of different elements.
The spinal properties and data for mass, inertia, geometry, and stiffness of the present model were based on data reported in the literature. 25, [27] [28] [29] Foam model
Constitutive foam model. The complicated nonlinear and viscoelastic behavior of polyurethane foam is modeled by using a constitutive foam model based on the model introduced by White et al., 30 Singh et al., 31, 32 and Ippili et al. 33 This model was developed and used by Puri 34 and is explained in the following sections.
Foam model and experimental setup. The nonlinear behavior of polyurethane foam in loading and unloading was observed from the force-deflection curves obtained from tests. To determine the foam properties, a polyurethane foam with thickness of 8 cm has been used for experimental studies. To this aim, a universal testing machine has been used for imposing loading-unloading on samples which is shown in Figure 5 . The device is imposing loads by stain rate of 6 mm/s. Three samples of foams with the same dimensions have been loaded and unloaded (Figures 6 and 7) with constant strain rates and data are recorded through load cells.
This procedure has been repeated three times and the results are averaged. The force-deflection curve for foam samples is acquired and based on foam dimensions. The average stress-strain curve for the foam samples is shown in Figure 8 .
Modeling of foam behavior. From the results of the compression tests conducted on foam, it is clear that foam behavior is not only nonlinear, but dynamic models are also needed to capture the viscoelastic behavior. The model used by Puri 34 for the behavior of foam in unidirectional compression was as follows
This model is based on the model structure developed in earlier studies.
35-38 P M j¼1 k j " j is the nonlinear elastic component and k j are the nonlinear elastic parameters.
ð Þd is the viscoelastic stress component. A is the cross-sectional area of the foam, " is the strain in the foam, _ " represents strain rate, a i and j are the viscoelastic parameter of the foam, and F t ð Þ is the force acting on the foam in Newton.
Seat cushion is considered as several discretized nonlinear viscoelastic springs according to equation (1) . One end of each discretized element is attached to the seat frame and the other end is restricted to be orthogonal to body part.
Forces in interfacial surface of foam and occupant have two tangential and normal components. There is no connection between these individual elements according to the studies by Rahnejat 39 and Teodorescu et al. 40 Equation (1) predicts the foam force for compression levels between 0% and 70% and has to be modified as compression increases. 41 The foam force increases exponentially for high compression levels and also becomes zero when occupant loses contact with the foam. Hence, the predicted spring force is modified by two sigmoid functions 42
The interfacial forces between the occupant and the seat are composed of the frictional and the tangential shear forces. These forces prevent occupant from sliding out of seat. These interface forces are very complex because of the number of material layers and the interfacial properties of these materials.
In this study, it is assumed that tangential forces act parallel to the occupant's body on the occupant and the force at a given point is
This assumption regarding tangential forces represents the maximum friction force.
Parameter estimation. The foam behavior expressed as equation (1) is composed of parameters which will be determined from experimental studies. In this study, N ¼ 2 and M ¼ 9 are chosen for the estimations of foam properties. Through four steps, the mechanical properties of the foam are practiced:
1. The difference between loading and unloading parts of the foam is determined by experimental results. In fact, this difference is the difference in viscoelastic part of stress as
In the above equation, Viscoelastic is the viscoelastic part of stress. Because the elastic component of stress is not a function of time, it can be removed by computing Viscoelastic . This difference can be used for estimating viscoelastic parameters. Using Viscoelastic and curve fitting, i and a i are calculated as: 2. After estimating the viscoelastic parameters of stress, the viscoelastic part of stress is calculated. It can be removed form experimental stress to assess nonlinear elastic part of stress. 3. With the viscoelastic parameters and equation (1), the nonlinear elastic parameters (K 0 to K 9 ) can be estimated through curve fitting. The estimated parameters are listed in Table 1 . 4. Finally, the comparison between the experimental results and the estimated parameters of the foam is shown in Figure 10 for stress-strain curve.
Equations of motion
Lagrange equations in terms of generalized coordinates have been employed to derive equations of motion of the presented model
q i is the ith generalized coordinate, _ q ¼ dq=dt is the time derivative of the ith generalized coordinate; T, U, and D are the kinetic energy, potential energy, and dissipation energy of the system, respectively. Q i is the sum of all generalized forces acting on the ith coordinate q i .
Kinetic energy of the system is determined for ver-
The contribution of spine and visceral masses on total kinetic energy T Spine À Á can be written as
where the mass of the ith visceral body is Mv i and _ xv i and _ yv i are the translational velocity of the ith visceral body reference point and
Total potential energy of the system includes potential energy due to gravitational forces (U g ), stretching deformation of spine (U StretchingSpine ), elastic deformation between visceral masses and vertebra (U visceralÀspine ), and deformation between visceral masses (U visceralÀvisceral )
The stretching between vertebrae occurs due to their relative translational motion. So, the stretching elastic energy is computed as Figure 9 . Difference in viscoelastic part of stress during loading and unloading. 
where K tra,i is the translational stiffness coefficient of the ith vertebra due to deformation of soft tissue, x i and y i are the generalized coordinates of the ith vertebra, and x i,0 and y i,0 are the same values in the undeformed configuration. Visceral masses (according to Figure 4 ) are connected to the spine elements through elastic elements. The first and the last visceral masses are connected to T10 and S1 vertebrae by elastic elements. Hence
The ith visceral body is connected to the corresponding vertebrae by spring with stiffness of K viscÀspine,i ; the ith visceral body locations are xv i and yv i ; x iþ18 and y iþ18 are the locations of the ith vertebra center of mass; xv i,0 , yv i,0 , x iþ18,0 , and y iþ18,0 are their corresponding initial values; the ith and the i À 1th visceral bodies are attached by spring with stiffness of K viscÀvisc,i ; K viscÀfix,1À2 is the stiffness of spring elements connecting the massless points to corresponding vertebra element. x fixed1À2 and y fixed1À2 are the positions of massless points and x fixed1À2,0 and y fixed1À2,0 are their corresponding initial positions.
The contribution of soft tissues Rayleigh dissipative function is expressed as These terms can be computed as
where C tra,i is the translational damping coefficients of the ith vertebra and _ x i and _ y i are the time derivative of the corresponding generalized coordinate.
The dissipation energy of visceral masses is achieved by The ith visceral body is connected to the corresponding vertebrae by damper element with damping of C viscÀspine,i , _ x iþ18 and _ y iþ18 are the velocities of center of mass of the ith vertebra, the ith and the i À 1th visceral bodies are connected by damper with damping of C viscÀvisc,i .
For parts which are in touch with the cushion, potential energy, generalized forces, and dissipation energy can be derived as
The foam force in equation (1) consists of nonlinear elastic and linear viscoelastic components. Singh 37 showed that for a two-term model (N ¼ 2), the integral in equation (1) can be converted into a differential equation
This conversion turns equation (1) into differential equation accompanied by equation of the motion of the system, which has to be solved simultaneously. All required data regarding mass, stiffness, and damping are summarized in Appendix Tables 3 to 7 .
Results and discussion
The following sections describe the results from the proposed model.
Model validation
Modal frequencies. For modal analysis of the spine submodel, the equations of motion is linearized about initial position to obtain the system
M Linearized is the linearized inertia matrix, K Linearized is the linearized stiffness matrix, and C Linearized is the linearized damping matrix. As suggested in the literature, 24, [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] the values of the modal frequencies are not affected by damping. Classical eigenvalues problem is solved to calculate the modal frequencies and shapes
where ! is the generic modal frequency and X is the generic modal shape. The first two frequencies are reported in Table 2 and compared by those from Valentini 25 and ISO2631-1:1997. 51 The obtained results for both modal shapes and modal frequencies are in good accordance with the previously published results. For this comparison, only spine sub-model is considered and other body parts are neglected.
Evaluation of transmissibilities. In this section, the vertical seat-to-head transmissibility is assessed. A sinusoidal acceleration with maximum amplitude of 1.15 m=s 2 is exposed to the developed spine model. The transmissibility of seat to head (TR ð Þ) is evaluated as
is excitation frequency, a ð Þ head is the head center of mass maximum vertical acceleration, and a ð Þ seat is the seat input maximum vertical acceleration. The model responses generally show good agreements with the other multibody models available in the literature and the experimental data reported in the literature as shown in Figure 11 .
Spine injury assessment
In this section, one application of the presented model is expressed. The model has been employed to assess spine injury due to an input load.
The best available model for spine injury assessment is the DRI introduced by Stech and Payne. The primary purpose of this model was the evaluation of the risk of injury during the ejection of a seat from a plane. The similar direction and profile of the load acting on the human body allow adopting this model to evaluate effects of mine blast load.
The evaluation of the human body response to the dynamic load is based on the simple massÀspring-damper system, as shown in Figure 12 . In the single 
where € z t ð Þ denotes acceleration in desired direction, ¼ 2 À 1 denotes the relative displacement of the system, ¼ c=2m! n is the damping ration, ! n is the natural frequency of the system, and g represents the acceleration of gravity.
As a simplifying condition, DRI can be applied in three dimensions in an uncoupled way.
The dynamic response for each axis is given by
where DR(t) is the response of the dynamic system. The maximum value of DR for any axis should be less than the limiting value. These values are also provided in NASA CxP 70024
The profile accelerations of spacecraft in landing can be characterized by the magnitude, duration, and onset and offset acceleration. As an example, a half-sine input acceleration for 0.04 s and 20 g acceleration magnitude are considered.
The initial position of the seat-occupant is shown in Figure 13 .
The system is exposed to the mentioned input acceleration as the landing input profile. The output of the system is calculated and the DRI index has been employed for spine injury evaluation. The spine injury for this example is 0.9375.
The present model enables simplicity for numerical calculation in a fast way. This model is suitable for numerical calculations like optimization, sensitivity analysis, and other numerical approaches. 
Conclusions
The main aim of the study relies on the fact that current simulations of human body to assess spine injury are based on finite element method (FEM). Spine injury assessment is an important point in designing spacecraft seat especially during landing. The FEM-based human body simulations are very timeconsuming and computationally expensive. These problems make it difficult to perform high computational simulations such as optimization, sensitivity analysis, and so forth. Hence, in this study, it is tried to resolve these problems by developing a multibody model of human body in landing phase of spacecraft. This model makes designers able to perform corresponding simulations faster with acceptable accuracy. A multibody model for the dynamic simulation of the spacecraft seat-occupant system has been presented in this study. The model has been developed for spine injury evaluation of an astronaut. The proposed model is composed of a flexible spine, head, shank, and femur placed on a polyurethane foam as seat cushion. The model is based on the use of the spine injury index and describes the displacement of the spinal vertebrae. The developed model is composed of head, spinal column, femur, and shank. The choice of the proposed structure of spine is based on the fact that human spine is a flexible structure and the relative displacements of spine structure are constrained by soft tissues. Head, shank, and femur are attached to the developed flexible spine model to form the whole body multibody structure. The whole model of the occupant is placed on flexible polyurethane foam as seat cushion.
Two validation procedures confirm that this model of the human spine can be used for assessing human spine simulations preserving the accuracy and mechanical properties.
According to obtained results, the proposed model is in good accordance with the previously presented models. Considering the simplifying assumptions, the proposed model is efficient enough to be considered in multibody modeling of human body.
The proposed model benefits from the fact that it could be simply implemented in landing situations dealing with human body injury assessment. As an example, a shock load is applied to the modeled seat-occupant system as landing shock and the corresponding spine injury is evaluated using DRI.
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AA Pasha Zanoosi http://orcid.org/0000-0003-3175-2072 Appendix 1. Mass, stiffness, and damping data -C4  0Á760  0  C4-C5  0Á794  0  C5-C6  0Á967  0  C6-C7  1Á014  0  C7-T1  1Á334  0  T1-T2  0Á70  0  T2-T3  1Á20  0  T3-T4  1Á50  0  T4-T5  2Á10  0  T5-T6  1Á90  0  T6-T7  1Á80  0  T7-T8  1Á50  0  T8-T9  1Á50  0  T9-T10  1Á50  0  T10-1Á50  0  T11-1Á50  0  T12-L1  1Á80  0  L1-L2  2Á13  0  L2-L3  2Á00  0  L3-L4  2Á00  0  L4-L5  1Á87  0  L5-S1 1Á47 0 
